Cineangiographic studies in patients with ventricular septal defect (VSD) have occasionally demonstrated that part of the blood across the defect is ejected immediately into the pulmonary artery (PA) passing through the outflow tract of the right ventricle (RV), but without being trapped in it. We attempted to make a quantitative evaluation of the flow of a partial shunt pathway (a direct VSD-PA pathway) that drains that part of the blood from the defect. Our method depended on a thermal dilution technique to obtain the ejection fraction of the RV and to observe a simultaneous pair of dilution curves at the roots of the aorta and PA after introduction of tracer into the left atrium. An analytical process was specially designed by incorporating a stable one-pass deconvolution technique. The method was applied to eight anesthetized dogs with acutely produced experimental VSD on the entrance of the outflow tract of the RV. The flow through the direct VSD-PA pathway was, in most cases, greater than 50 and up to 85% (mean of the eight, 57 +/-5% SE) of the total leftto-right shunt flow. This would imply that less than 50%, and down to as little as 15%, of the total amount of shunt flow contributed to extra work of the RV in these cases. In addition, the impact on the pulmonary […] 
A B S T R A C T Cineangiographic studies in patients
with ventricular septal defect (VSD) have occasionally demonstrated that part of the blood across the defect is ejected immediately into the pulmonary artery (PA) passing through the outflow tract of the right ventricle (RV), but without being trapped in it. We attempted to make a quantitative evaluation of the flow of a partial shunt pathway (a direct VSD-PA pathway) that drains that part of the blood from the defect. Our method depended on a thermal dilution technique to obtain the ejection fraction of the RV and to observe a simultaneous pair of dilution curves at the roots of the aorta and PA after introduction of tracer into the left atrium. An analytical process was specially designed by incorporating a stable one-pass deconvolution technique. The method was applied to eight anesthetized dogs with acutely produced experimental VSD on the entrance of the outflow tract of the RV. The flow through the direct VSD-PA pathway was, in most cases, >50 and up to 85% (mean of the eight, 57±5% SE) of the total left-to-right shunt flow. This would imply that <50%, and down to as little as 15%, of the total amount of shunt flow contributed to extra work of the RV in these cases. In addition, the impact on the pulmonary vasculature due to such a large amount of pulsatile flow through the direct VSD-PA pathway may accelerate the development of hypertrophy of the pulmonary vessel wall. INTRODUCTION In view of its pathophysiological importance, clinical investigators have studied the pattern of left-to-right shunt flow in patients with ventricular septal defect (VSD).' Levin et al. (1) first demonstrated in their cineangiographic study that part of the blood across the defect surges into the root of the pulmonary artery (PA) via the outflow tract of the right ventricle (RV) without being trapped in the RV. The remaining part of the blood across the VSD is directed toward the body of the RV, is trapped there, and eventually flows out of the RV into the PA during subsequent ventricular contractions. The partial shunt tract that drains blood across the VSD in the former manner is referred to in the text as a direct VSD-PA pathway, and in the latter manner, as a VSD-RV-PA pathway.
A method has yet to be established for the quantitative determination of partial shunt flows through these two pathways. The conventional oxygen saturation technique for such quantitative evaluation would require blood sampling from the RV, PA, and artery. The technique may thus not be entirely suitable, owing to poor mixing of the tracer, i.e., oxygen, with the blood in the RV. We designed an analytical process for this purpose by using a pair of thermal dilution curves sampled at the roots of the aorta and of the PA. In these vessels, the tracer may mix better with the blood than in the RV. The principle of the process is analogous to that previously reported (2) . In relation to the present study, we also discuss two wellknown pathophysiological manifestations of the peculiar pattern of shunt flow in patients with VSD, i.e., the lesser degree of enlargement of the RV than of the left ventricle, and the progressive increase in flow resistance of the pulmonary circulation (3).
METHODS

Theoretical approach
We constructed our whole theory using a block flow model. During each heart cycle, blood and tracer were instantaneously transported toward the cardiovascular compartments, e.g., the cardiac ventricles and roots of the PA and aorta, and mixed there immediately. The tracer was assumed to be inert and nondiffusible, so that it was transported tdward the PA and aorta from the site of tracer injection, without being lost outside the cardiovascular space. We further assumed that right-to-left shunt did not coexist, for the tracer returned to the left ventricle (LV) from the RV across the defect does not mix perfectly in the LV before being ejected into the aorta, RV, or PA (1) .
Model for the left-to-right shunt pathway. We quantitatively described the flow pattern of the left-to-right shunt pathway by using a transport function (transfer or frequency function, transit time distribution, probability density function of transit time). The following discretized form of the function h can be introduced when it is considered to be a response at the root of the PA to a bolus placed at the orifice of the VSD during the heart cycle immediately before the first one:
[hi (1) where i represents the serial number of the heart cycle; ht, a value of h over the ith heart cycle; At, the time interval of a single heart cycle considered to be identical for all heart cycles; and EF, the ejection fraction of the RV.
This transport function is derived from a quantitative evaluation of the shape of a single-pass dilution curve that is free from the recirculating tracer (see Appendix). Briefly, this dilution curve would be obtained at the root of the PA after introduction of a bolus of tracer into the inflow of the VSD during the heart cycle immediately before the first (Fig.  1 A) . The bolus becomes separated during the first heart cycle to enter into the direct VSD-PA pathway and VSD-RV-PA pathway (Fig. 1 B) . The former part of the tracer yields the first value of the dilution curve at the PA (Fig.  1 C; Eq. 1, when i = 1). The latter part of the tracer is trapped in the RV during the first heart cycle ( Fig. 1 B, C ). It appears in parts in the PA during consecutive heart cycles, i 2 2 (Fig. 1 D) , to form a dilution curve that shows a geometric progression toward zero concentration (Eq. 1, when i 2 2).
Fractional flows through the direct VSD-PA and VSD-RV-PA shunt pathways. We defined the mean flow expressed in blood volume per unit time through the PA as fi,, that through the total left-to-right shunt as fd, that through the direct VSD-PA pathway as fdp, and that through the VSD-RV-PA pathway as fdr. The (2) and fdr/fd = 1 -hjAt, because fdp + fdr = fd. To determine these two fractional flows is the final purpose of this study.
Relationship between hi and a pair of tracer-dilution curves. Owing to technical difficulties, we cannot obtain hi directly. We therefore designed a specific principle to extract h, indirectly. This process uses the following relationship between h, and a pair of dilution curves monitored at the roots of the aorta and PA, represented by Ii and O,, respectively (see Appendix): (3) 0 i= fir ihi-j+,At (i = I to it), J=1 fir where it represents the serial number of a heart cycle during and before which recirculation of the tracer does not appear in the PA. During the first heart cycle, the tracer arrives at the root of the aorta, at the root of the PA through the direct VSD-PA pathway, and at the body of the RV through the VSD-RV-PA pathway. This relationship is a discrete approximation (4) of a convolution integral (5, 6) . In practice, the pair of curves will be yielded by introduction of the tracer into the left atrium (LA).
The theory for the tracer-dilution technique requires complete mixing of the tracer at the in-and outflows (5) . In our case, the tracer is required to mix well with blood within the LV (inflow) before it enters the direct VSD-PA and VSD-RV-PA pathways, and within the root of the PA (outflow) before it is sampled for determination of the dilution curve O,. Moreover, the tracer is required to mix well within the root of the aorta before it is sampled for determination of the dilution curve I, which is a substitute for the dilution 780 Nakai, (10) and r, is the transport function of a partial shunt pathway from the VSD to the body of the RV (the partial VSD-RV pathway). The outflow of the partial VSD-RV pathway is assumed to be located in the body of the RV. The pathway is identical to the initial half of the VSD-RV-PA pathway. After the (it-I)th heart cycle, Eq. 9 no longer holds because of the recirculation of tracer appearing in the RV via the systemic circulation. Only for the introduction of Eqs. 9 and 10, is the tracer assumed to equilibrate well in the RV during each heart cycle. We also predict a dilution curve at the RV that would be obtained when the direct VSD-PA pathway does not exist.
This process is carried out by using Eqs. 9 and 10 with fdp set at zero (see Appendix).
Experimental procedures (4) Surgical procedure. The thoracic cage was opened widely by a sternal-splitting with a thin wall cylindrical boring tool 8 mm in diameter.
The tool was introduced through the midpoint of a purse-(i =1), string suture placed in the anterior wall of the RV. We designed the experiment with cooled normal saline as the tracer. The time courses of the tracer concentration (i = 2 to it).
(8) at the PA and aorta were monitored with thermistors. After producing the defect, we advanced a handmade catheterilution curve at the tip thermistor into the root of the PA through the incision into the RV (8) .
in the anterior wall of the RV. Another catheter-tip therm-L. To evaluate the istor was placed at the root of the ascending aorta via an the deconvolution, incision made in the apex of the LV. The catheters were computational run then fixed firmly in position by tightening the suture. ss is to obtain the Two cannulae for tracer-injection, both with blind tips X,, according to the and lateral openings, were advanced through one of the pulmade between the monary veins and through the external jugular vein so that tained O, dilution their tips were located in the LA and RV, respectively. The thorax was kept loosely open during the experiment. Intra-A,fter the tracer in-venous low molecular weight dextran (Otsuka Pharmaso developed in the ceutical Co., Tokyo, Japan) in a volume of 50-100 ml was nation of the valid-infused to combat hemorrhagic hypotension. At the end of mxperimentally ob-each experiment, the animals were killed with an intravedilution curves in nous overdose of pentobarbital. Postmortem examinations principle entirely were made of the location of the experimental VSD. qs. 3-5. Observations of dilution curves for calculating fractional lated with the fol-flows. Normal saline (0.5 ml) in a syringe was cooled to 10- for the fractional 15°C in an ice-water bath. (8) . Mixing of the tracer with the blood in the LV may be better with the tracerinjection into the LA than into the LV. The values for the dilution curves were sampled at each ventricular end-diastole, when the tracer equilibrates well in the roots of these two major vessels. Each end-diastolic point for sampling was identified by taking account of the simultaneously monitored time courses of right ventricular and arterial pressures. A separate bolus of chilled saline introduced into the RV yielded a thermal dilution curve at the PA, permitting determination of EF for the RV. The simulataneous recordings of O, and It were immediately preceded or followed by the separate determination of EF before the pattern of shunt flow underwent change.
In accord with our principle, it was necessary to sample values for 0 before the recirculating tracer contributed to it via the systemic circulation. To satisfy this requirement, we sampled values for the dilution curves usually over the first six, and at most over eight, heart cycles in a small number of cases.
Experimental and predicted dilution curves in the RV. In one animal, a comparison was made between the predicted and experimentally obtained dilution curves at the RV, R', and R*, respectively. For this purpose, three sets of dilution curves were monitored within a short period (Fig. 5) : the dilution curve at the PA for determination of EF; a pair of dilution curves at the aorta I,, and PA 0i (Fig. 5, left) for determination of the flow fractions fd/fd and fd/fIr; and a pair of dilution curves at the aorta I, and RV R, (Fig. 5,   right ). To monitor the last set of dilution curves, the cathetertip thermistor initially positioned in the PA was retracted until it rested within the body of the RV. For determination of the predicted dilution curves at the RV, the aortic dilution curve of the last set of curves was introduced into the right side of Eq. 9, together with the fractional flows and EF predetermined from the preceding two sets of dilution curves.
Irnstrumenits. The glass-bead thermistors used (Oizumi Manufacturing Co., Tokyo, Japan) were as small as 0.7 mm in diameter, allowing rnonitoring of rapid changes in temperature. They were mounted on plastic balls attached at the tips of Teflon catheters (1.2 mm in diameter) and protected by metal cages. The catheter-tip balls, 6 mm in diameter, were provided to improve mixing of the tracer at the roots of the PA and aorta. Signals from the thermistors were fed into Wheatstone bridges and amplifiers and displayed on a multichannel pen recorder (Biophysiograph, 140 System, San-ei Instruments Co., Tokyo, Japan). Calibration of the thermal dilution curves for absolute values of flow was not performed. However, we did calibrate the individual monitoring systems in vitro to assess the relative values for the simultaneous dilution curves, I, and 0, or R,, with respect to each other. The linearity of the systems covered a sufficiently wide range between the temperature at which the bridge was balanced and that at least 1.5°C below the balanced level. The data were processed on a computer (PDP 11/44, Digital Equipment Corp., Marlboro, MA).
Statistical analysis. In each animal, the data and results were averaged and expressed as the mean±SE. Comparisons were made for the x2 test of goodness of fit between the experimental dilution curve O0 and the reconvoluted curve O, (7) . The influence of EF on the calculation of the fractional flows was examined by using two different values for EF, one observed and the other arbitrarily preset. The significance of the difference between these two results was evaluated by the paired t test (7) . In both of the tests, the null hypothesis was considered to be acceptable when P > 0.05.
RESULTS
Location of the experimental VSD. All of the experimental VSD were found to be located adjacent to the right ventricular papillary muscle of the conus (Fig. 2) . It was difficult to quantify the size of the defect because of the irregularly cut edges. The axial direction of the defect was always approximately perpendicular to the surface of the right ventricular septum.
Dilution curves. Fig. 3 shows typical records of the aortic and right ventricular pressures and a pair of dilution curves at the aorta and PA in dog 1. Note that the dilution curve at the PA develops simultaneously with that at the aorta during the first heart cycle. This was observed in every experimental run in all animals and definitely indicates that the direct VSD-PA pathway exists. Fig. 4 (bottom) illustrates a dilution curve at the PA for determination of EF as yielded by bolus injection of the tracer into the RV. The curve was obtained shortly after observation of the pair of dilution curves shown in Fig. 3 . The aortic dilution curve did not develop before the sixth heart cycle, indicating absent right-to-left shunt across the VSD. This was the case in every animal.
Fractional shunt flows through the direct VSD-PA and VSD-RV-PA pathways. Two examples of results obtained from our deconvolution process are given in 
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Nakai, Tomino, Goto, Yamamoto, Matsui, Togawa, and Ogino the first heart cycle. (12) . In our case, we obtained experimental data to show that the dilution curve at the PA O, developed during the first heart cycle simultaneously to that at the aorta I, (Figs. 3 and 5) , and that the size of the experimentally observed curve at the RV R, was much smaller than the predicted curve R;, which should be the case if the left-to-right shunt was devoid of the direct VSD-PA pathway (Fig. 5) . These two findings clearly indicate that the VSD-RV-PA pathway coexists with the direct VSD-PA pathway and that a considerable amount of blood is transported through the latter pathway.
The intravascular volume of the root of the PA is sufficiently small relative to the flow through it. It seems realistic, therefore, to assume, as we did in our basic principle (see Appendix for derivation of Eq. 1), that the tracer that has been transported through the direct VSD-PA pathway into the root during any one of the heart cycles is totally washed out during the next cycle. The tracer trapped in the RV during any one of the heart cycles is postulated to be ejected in parts during subsequent cycles and to yield a dilution curve at the PA whose descending limb shows a geometric progression. This assumption is also reasonable, as experimentally proven in Fig. 4 , and is widely accepted in the theory for determination of the ventricular ejection fraction (8) . Our fitting function Eq. 1 representing the model for the intracardiac pattern of left-to-right shunt flow thus satisfies the requirement for empirical as well as theoretical reasons.
In addition, when the direct VSD-PA pathway was assumed to exist, the reconvolution resulted in an equivalent size of predicted dilution curve at the RV R' to the experimentally obtained curve Ri. When the direct VSD-PA pathway was assumed to be absent, the reconvolution resulted in a much larger predicted curve than the experimental one (Fig. 5 ). These findings provide a straightforward confirmation of the validity of our principle for determination of the fractional flow fdp/fd through the direct VSD-PA pathway.
We obtained good similarities between the reconvoluted and experimentally obtained dilution curves at the PA (Figs. 3 and 5 ). Although such close resemblances are not a test of the uniqueness of our fitting function, while necessary (10), they do support the accuracy of the computation of the deconvolution processes.
Deconvolution with multiple regression analysis. As early as 1952, Paynter (4) suggested the advantages of deconvolution performed in combination with simultaneous introduction of multiple linear regression analysis. His idea is very sensible, since such statistical computation does not pay too much attention to erroneous experimental values appearing in the tracerdilution curves. This favorable feature apparently holds true in our case, in which the fractional flows were calculated by carrying out the deconvolution, taking account of all the sampled values of dilution curves (Eqs. [4] [5] [6] [7] [8] . Additionally, the process suggested by Paynter (4) allows one-pass computation without iteration. It was shown that with this treatment the inherent instability of the deconvolution was much improved but still persisted (2) . For this reason, Nakai (2) attempted deconvolution and regression analysis in additional combination with a technique assuming weighted simple fitting functions for every small segment of the transport function.
This process requires iteration but extracts a reasonable transport function. In the present study also, the method was shown to be a powerful technique for carrying out stable deconvolution when introducing simultaneously not only the multiple regression analysis but also the fitting function for the transport funcDual Pathway of Left-to-Right Flow across Ventricular Septal Defect tion. Such was indeed the case also in the method proposed by Knopp et al. (14) , who adopted prechosen multiple fitting functions for the transport function.
Present experimental model in relation to human VSD
The pathophysiological state of our experimental animals may be designated as falling into the group with medium-sized defect with normal pulmonary vascular resistance and moderately elevated right ventricular pressure. The defect in the ventricular septum was placed on the entrance of the outflow tract of the RV. All the animals used in the present study developed a substantial amount of flow through the direct VSD-PA pathway. In patients with VSD, however, such frequent incidence has not been found to hold true, as experienced in our cineangiographic examinations of the intracardiac pattern of shunt flow. We would regard our experimental VSD as functionally the same as some subtype of human defect in which the direct VSD-PA pathway coexists.
The right ventricular EF was considerably lower in the present study than that (mean, 0.62) reported in patients with VSD (15) . The purse-suture placed in the anterior wall of the RV would be responsible for a reduction in right ventricular performance together with acute right ventricular volume overload due to left-to-right shunt. The value for EF, however, cannot be considered a significant variable that critically in- fluences the values of the fractional flows fd/fl, and fdp/fd. This inference is derived from the finding that fdp/fd, which is independent of EF, is great; and the fact that the sole determinant of fd/fl, is the size of the dilution curve at the PA, not the time course of the curve.
To confirm the small influence of EF on the results, we calculated the fractional flows under an EF value preset at 0.62 (Table II and Implications of the present study
The most striking result obtained in the present study was that the partial shunt flow through the direct VSD-PA pathway was great. The amount ranged between 35 and 85% of the total shunt flow. The amount was >50% in seven cases out of eight. In other words, in most cases <50%, and down to as little as 15%, of the total shunt flow entered the RV through the VSD-RV-PA pathway. Only this small component of shunt flow contributed to extra work of the RV. Levin et al. (1) were the first to demonstrate the direct VSD-PA component of the shunt tract in their cineangiographic study. Its pathophysiological significance concerns one of the well known manifestations of patients with VSD, i.e., the lesser degree of enlargement of the RV than of the LV before pulmonary hypertension develops. This point was argued by Graham et al. (3) in their suggestive review. As they say, "since normally the major shunting occurs during ventricular systole and is ejected into the outflow tract of the right ventricle, the right ventricle does not enlarge to the same extent as the left ventricle." Their analysis is in accord with our quantitative finding that the fractional flow through the VSD-RV-PA pathway fdr/fd is very small.
Another characteristic feature of patients with VSD is the progressive increase in pulmonary vascular resistance with medial hypertrophy and intimal proliferation (16) . The basic mechanisms giving rise to such manifestations remain to be clarified (3). However, increased stress on the pulmonary vessel wall driven by "a common ejectile force from both ventricles" (3) may directly or indirectly trigger such changes (3, 17) . The impact of flow conducted through the direct VSD-PA pathway should be especially marked in the pulmonary vessels, because a high flow velocity across the VSD is not damped by the RV. Thus, when the flow through the direct VSD-PA pathway is great in proportion to the total pulmonary flow, i.e., fdp/flr, the mechanisms leading to pathological changes of the pulmonary vessel wall may operate more efficiently. solely of the tracer drained from the direct VSD-PA pathway (Fig. 1 C) . Subsequent ventricular ejection during the second heart cycle will totally eliminate this part of the tracer from the root of the PA (Fig. 1 D) . The dilution curve at the PA after the first heart cycle consists of the tracer drained from the VSD-RV-PA pathway. The time course of the curve will show a geometric progression towards zero concentration.
The ratio C,/C,-will thus be equivalent to l-EF (8) .
The entire time course of C1 is expressed as a;x + ,Sy, = z, + e, (i = 1 to it), (14) where a and ,3 are to be obtained from x, y, and z to estimate flr/fd and hl, respectively; and es represents an unavoidable discrepancy caused by experimental error between the left side of Eq. 14 and zj.
The regression analysis (7) approximates Eq. 14 to the precise relationship Eq. 13 in such a way that the sum of the squared e, is minimal by adjusting a and ft. The values for a and , so obtained will satisfy, albeit not perfectly, all of the relationships between x, y, and z. By substituting fi,r fd and fdp/fdAt for a and A, respectively, the analysis finally yields Eqs. 4 and 5.
Derivation of Eqs. 9 and 10. The following consideration gives rise to Eq. 10: A single-pass dilution curve in the RV responding to a bolus injection of tracer into the orifice of the VSD reduces its concentration in a geometric progression. The theoretical approach for Eq. 9 is identical to that for Eq. 3, except in the following respects: The dilution curve in the RV consists of the tracer trapped in the RV in the passage through the VSD-RV-PA pathway to the PA, the flow through the pathway is fd,, and the amount of flow that dilutes the tracer in the RV is flr -fdp.
Derivation of the predicted dilution curve at the RV when the direct VSD-PA pathway does not exist. In this case, fdp is set at zero and therefore fd, = fd for Eq. 9. Since we assume arbitrarily in this case that the direct VSD-PA pathway does not exist, the value for fd/flr has to be calculated in a manner different from that using Eq. 4. The alternative process is the same as that reported previously (2) . Briefly, we deconvolute Eq. 3 for extracting a curve of (fd/flr)hi from I, and O, with simultaneous introduction of multiple regression analysis and a few restrictions. The restrictions adopted are as follows: Each small segment on the curve follows a quadratic curve, and the value for (fd/fi,)h, is zero after the eighth heart cycle. The former restriction is used for smoothing of the curve, never as an assumption for the intracardiac flow pattern of the shunt. The fractional flow fd/fir is identical to the area beneath the (fd/fir)h, curve so obtained.
